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ABSTRACT
TAILORING NANOPARTICLES AND POLYMERS FOR COOPERATIVE
INTERFACIAL AND SURFACE INTERACTIONS

FEBRUARY 2015
IREM BOLUKBASI, B.S., BOGAZICI UNIVERSITY
M.S., BOGAZICI UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
PH.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Todd Emrick

This thesis describes the synthesis of chemically functionalized nanoparticles and
their behavior at interfaces and in conjunction with polymers. Solid-liquid, liquid-liquid,
and air-liquid interfaces are useful platforms for studying nanoparticle assembly,
especially when nanoparticles are functionalized to enable their segregation to the
interface.
At the liquid-liquid interface, double emulsions droplets, both oil-in-water-in-oil
and water-in-oil-in-water, stabilized with nanoparticles were prepared. This involved
gold nanoparticles stabilizing oil-in-water droplets, and CdSe quantum dots stabilizing
water-in-oil droplets. These double emulsion droplets were by simply shaking to give
polydisperse droplets, or in a well-defined fashion by microcapillary flow focusing.
When nanoparticle-stabilized double emulsions were sized using glass microcapillary
devices, they formed a variety of interesting structures that demonstrated the importance
of having nanoparticles in the emulsion.
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Ligand-functionalized nanoparticles proved emenable to triggered disruption and
inversion processes. Two different tetrahydropyranyl protecting groups were employed in
the ligand shell of gold nanoparticles enabling an ‘in situ’ droplet inversion, in the
presence of acid using either added H+ or photogenerated acid to trigger the desired
inversion.
Considering the liquid-solid interface, amphiphilic phosphorylcholine substituted
polyolefins stabilized droplets were used to pick up various types of nanoparticles from
substrates, and transport the nanoparticles in a fluid driven system. Specifically,
decoration of oil-in water droplets with pentafluorophenyl ester groups enabled efficient
removal of amine functionalized silica nanoparticles adsorbed on a substrate.
At the air-liquid interface, Langmuir films of gold nanoparticles were prepared
where the nanoparticles contained cyclic olefins in their ligand periphery. The films were
crosslinked by introduction of a water soluble ruthenium benzylidene catalyst to the
aqueous sub-phase, affording two-dimensional elastic networks at the air-water interface.
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CHAPTER 1
INTRODUCTION

1.1 Particles at Interfaces
Self-assembly of nanoparticles into ordered 2D and 3D structures grants unique
electronic, optical and magnetic properties different from isolated nanoparticles and bulk
materials.1 Various methods has been utilized for self-assembly of nanoparticles
including solution techniques,2-4 self-assembly using hard and soft templates,5-7 magnetic
or electric field assisted self-assembly.8-11 Interfaces, including solid-liquid, liquid-liquid,
and air-liquid are widely studied for nanoparticle (NP) assembly.12
The use of liquid-liquid interfaces to generate structure from colloidal particles has
been well recognized. Since their original description in the early 1900’s, particlestabilized ‘Pickering’ emulsions are attracting growing interest with the rapid increase in
nanoparticle synthesis.13,14 Theoretical studies predict that the stabilization of interfaces
by nanoparticles is due to a reduction in interfacial energy.15 The placement of a particle
at a fluid-fluid interface leads to a decrease in interfacial energy and free energy of the
system, as a function of particle radius and wettability of the particle surface. A negative
change in the interfacial energy (∆E) upon assembly of the particles at the interface will
result in a reduction in the overall free energy of the system. The interfacial energy is a
sum of the energies associated with the relevant interfacial energies, specifically the
particle-oil (γp/o), the particle-water (γp/w), and the oil-water interfacial energy (γo/w).
Particle wettability, described by the contact angle θ between the solid and the o/w
interface, is determined by the relative interfacial energies of the system and is the
dominating factor in dictating the type of emulsion formed. Hydrophilic particles, θ <
1

90°, produce oil-in-water (o/w) emulsions and hydrophobic particles, θ>90° give waterin-oil (w/o) emulsions.16
Assembly of a single particle at the oil-water interface gives ∆E:

where R is the particle radius. Therefore, ∆E is size dependent, and as particle size
increases, interfacial segregation is favored. For microparticles, the free energy gain
associated with interfacial segregation of particles is much larger than thermal energy.
Weitz and coworkers demonstrated the formation of colloidosomes upon segregation of
micron-sized polymer particles at liquid-liquid interfaces, followed by solvent
evaporation.17 For nanoparticles, the free energy gain is comparable to thermal energy,
especially for particles in the 2-5 nm size range which leads to a more dynamic assembly.
Nonetheless, several examples of stable nanoparticle-stabilized emulsion droplets have
been reported. CdSe QDs18,19 Au NPs20–22, Fe3O4 NPs23, “Janus” nanoparticles24 and
plant-derived virus particles25 all prove amenable to stabilizing fluid-fluid interfaces of
different types. Nanoparticle mobility at the interface and exchange with the continuous
phase have been studied by Lin et al. In that study, when a solution of 4.6 nm CdSe
nanoparticles was added to a solution of emulsion droplets stabilized by 2.8 nm CdSe
nanoparticles, the larger particles displaced the smaller ones and the different sized
particles phase-separated at the interface.18
Embedding functional ligands on nanoparticle surfaces provides access to further
droplet stabilization, e.g., by allowing chemical cross-linking of ligands, and thereby
converting dynamic self-assembled systems into robust network structures. For example,
2

crosslinking of vinylbenzene functionalized CdSe nanoparticles with 2,2-azobis(2-(2imidazolin-2-yl)propane) dihydrochloride at a planar oil-water interface produced
ultrathin sheets that crumple.26 As seen in Figure 1.1a,

crosslinking was also

accomplished at interface of droplets. Another example of crosslinked capsules is found
in the work by Tangirala et al.27 where an amphiphilic ruthenium benzylidene catalyst
was used to crosslink by CdSe nanoparticle stabilized by norbornene functionalized
ligands by metathesis polymerization (Figure 1.1b). Metathesis-induced crosslinking was
also is utilized at an air-water interface in Chapter 5 of this thesis.

Figure 1.1. a) Crosslinked capsules prepared by the assembly of vinylbenzene
functionalized CdSe nanoparticles at an oil-water interface. [Figure adapted from Lin et
al., JACS 2003, 125,12690] b) Synthesis of norbornene ligand on top, water-in-oil
emulsion stabilized with norbornene functionalized CdSe nanoparticles bottom left,
collapsed crosslinked droplets bottom right. [Figure adapted from Skaff et al., Adv.
Mater. 2005, 17, 2082.]
Although CdSe nanoparticles functionalized with tri-n-octylphosphine oxide
(TOPO) segregate to the oil-water interface, dodecanethiol functionalized gold
nanoparticles dissolve in the oil phase and exhibit no such interfacial tendency. Au NPs
having a mixture of hydrophobic and hydrophilic ligands, prepared by ligand exchange
chemistry, were found to segregate to oil-water interface, stabilizing emulsion droplets.20
3

However, a narrow ratio of hydrophobic to hydrophilic ligands, ~ 1:1 ratio of
dodecanethiol to 11-hydroxydodecanethiol, was required for interfacial assembly to
occur. Gold nanoparticles functionalized with PEGylated ligands, as shown in Figure 1.2,
proved more generally effective in oil-water interfacial stabilization with a variety of
organic

solvents,

including,

hexanes,

ethyl

acetate,

perfluorodecalin,

1,2,4-

trichlorobenzene (TCB), and toluene.21 The same PEGylated nanoparticles are utilized in
the preparation of double emulsions stabilized by nanoparticles along with TOPO
covered CdSe quantum dots as described in Chapter 2, and the terminal hydroxyl group is
protected with acid-labile groups to enable triggered disruption and inversion as
described in Chapter 3.

Figure 1.2. Schematic representation of oil-in-water droplets stabilized by PEGylated
nanoparticles on left, confocal microscopy image of the droplets on right. [Figure adapted

from Glogowski et al., Nano Lett. 2007, 7, 389.]
Among nanoscale materials suitable to function as emulsifiers, carbon nanotubes
(CNTs) have attracted interest for their unique optical, mechanical and electrical
properties.28 Several groups have reported emulsions prepared from CNTs. Hobbie et al.
prepared a w/o emulsion in toluene with the single-walled CNTs residing at the interface
between the immiscible fluids.29 Shen and Resasco used silica modified CNTs to stabilize
4

w/o emulsions.30 Chen et al. reported the large-scale fabrication of CNT capsules directly
by a w/o emulsion technique with the acid-etched CNTs.31 Kim et al. reported the
preparation of o/w emulsions stabilized by oxygen plasma treated CNTs.32 In addition to
CNTs, graphene oxide (GO) has also been used in interfacial assemblies. Huang et al.
demonstrated GO for the stabilization of o/w droplets.33 The preparation of double
emulsions stabilized by CdSe nanoparticles and carbon nanotubes and graphene oxide is
described in Chapter 2.

1.2 Assembly of Polymers in Solution
Polymers are well-known for their surfactant properties. Advances in controlled
polymerization and post-polymerization functionalization techniques enable the synthesis
of polymers with tunable wetting characteristics. Adsorption of polymers at interfaces,
and their self-assemby, is governed by the fine-tuning of their amphiphilic character.
Solution assembly of amphiphilic polymers generates numerous structures, including
micelles, polymersomes and droplets.34-36 Polymeric surfactants used to stabilize droplets
are composed of polymers having amphiphilic repeat units, or hydrophobic and
hydrophilic blocks.37 Polymer surfactants provide greater stability than small molecule
surfactants and can include functionality for post polymerization modification such as
cross-linking.
Breitenkamp et al. demonstrated the synthesis and interfacial assembly of
amphiphilic poly(cylooctene-graft-poly(ethylene glycol)) copolymers composed of
hydrophobic polyolefin backbones with covalently bound hydrophilic poly(ethylene
glycol) (PEG) pendant chains.36,38 These copolymers were prepared by ring-opening
metathesis

polymerization

of

cyclooctene
5

and

PEG-substituted

cyclooctene

macromonomers. Following assembly at the oil-water interface, a cross-metathesis
reaction with a difunctional cyclooctene enabled crosslinking at the oil-water interface
affording robust polymer capsules despite their thin walls (essentially a monolayer of
polymer). (Figure 1.3)

Figure 1.3. Schematic representation of interfacial activity of PEGylated
poly(cyclooctene), and the bis-cyclooctene PEG used for cross-linking at the interface by
ring-opening cross-metathesis. [Figure adapted from Breitenkamp et al., JACS 2003,
125, 12070.]
Polymer capsules can also be prepared by solvent displacement and polymer
rehydration,39-41 template assisted techniques such as layer-by-layer technique (LbL),42-44
and polycondensation interfacial polymerization.46-47 Capsules serve as barriers isolating
the interior from the outside environment thus find applications in encapsulation and
controlled and targeted release. Capsules are utilized in drug and gene delivery,
encapsulation of flavors, fragrances and inks, and the delivery of pesticides, herbicides

6

and adhesives.48-50 Other applications of polymer capsules include the preparation of self
healing materials, catalysis, biomimetic microreactors and sensing.51-54

Figure 1.4. The synthesis of phosphorylcholine substituted polyolefins by ring opening
metathesis polymerization. [Figure adapted from Kratz et al. Macromolecules 2009, 42,
3227.]
This thesis includes the utilization of functional copolymers having hydrophilic
phosphorylcholine groups pendent from a hydrophobic cyclooctene backbone and the use
of this polymers to make droplets by interfacial assembly. The original synthesis of the
phosphorylcholine-substituted polyolefins (“PC-polyolefins”) was performed by ringopening metathesis polymerization (ROMP) as reported by Kratz et al.55 5phosphorylcholine

cyclooctene

(PC-COE)

was

prepared

by

reacting

5-

hydroxycyclooctene with 2-chloro-2-oxo-1,3,2-dioxaphospholane (COP), followed by
ring-opening with trimethylamine. The pyridine-substituted version of the Grubbs’

7

ruthenium benzylidene metathesis catalyst (H2IMes)(Cl)2(pyr)2RuCHPh was used for
ROMP of PC-COE.55,56 Copolymerization of PC-COE with other substituted cyclic
olefins, such as phenylazide substituted cyclooctene, allowed integration of a photocrosslinkable group into the polymer backbone. (Figure 1.4)

These PC-substituted

polymers, containing a PC group on every eighth backbone carbon atom on average, have
an inherent hydrophobic/hydrophilic balance that enables the formation of oil-in-water
droplets, as well as aqueous solution assembly into polymer vesicles using thin film
hydration techniques.57

Figure 1.5 Repair and go experiments. a) Experimental set-up including the peristaltic pump
and fluidic device used for repair-and-go experiments. b) PCOE–graft–PC polymer used for
droplet stabilization and nanoparticle (NP) encapsulation. c) Optical micrograph of a
cracked surface-oxidized PDMS substrate used for repair-and-go experiments. Scale bar,
500 mm. d) Fluorescence micrograph of the substrate following nanoparticle deposition
into the cracks. Scale bar, 100 mm.
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Kratz et al. further utilized these PC-polyolefin stabilized droplets in a system
termed ‘repair and go’, a materials repair method based on theoretical work of Balazs et
al.58-60 In repair and go, polymer droplets deliver encapsulated CdSe nanoparticles to
cracked regions of a substrate. The superior surfactant properties of PCOE-graft-PC over
CdSe nanoparticles allowed encapsulation of nanoparticles inside the PC-polyolefin
capsule. A flow cell was constructed for the experiments that enabled recirculation of the
droplet solution, allowing an individual droplet to deposit nanoparticles in multiple
cracks. Figure 1.5 shows the experimental design, which was replicated for the
experiments described in Chapter 4 of this thesis.

1.3 Thesis Outline
This thesis describes the synthesis of chemically functionalized nanoparticles and
their application at interfaces. In Chapter 1, a general introduction to interfacial assembly
was given, and the assembly of nanoparticles and polymers at fluid interfaces was
described briefly.
Chapter 2 elaborates on the formation of double emulsion droplets, both oil-inwater-in-oil and water-in-oil-in-water, stabilized with nanoparticles at the respective
interfaces. Tetra(ethylene glycol)-functionalized gold nanoparticles stabilize oil-in-water
droplets, and CdSe-TOPO quantum dots stabilize water-in-oil droplets. When double
emulsions are sized using glass microcapillary devices, these droplets, in turn, form
honeycomb and foam-like structures upon solvent evaporation, where the nanoparticles
drive the formation of wire or mesh-like structures. The preparation of double emulsions
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stabilized by graphene oxide, carbon nanotubes, and CdSe quantum dots is also described
in Chapter 2.
Chapter 3 describes the preparation of ligand-functionalized nanoparticles with
two different tetrahydropyranyl (THP) protecting groups in the ligand periphery of gold
nanoparticles. Key to this work was controlling: 1) the wettability of the nanoparticles,
and thus the formation of oil-in-water vs. water-in-oil droplets, and 2) the rate at which
droplet inversion is achieved as a result of THP-deprotection. The use of these ligands
enables an ‘in situ’ droplet inversion, in which the presence of acid (either added H+ or
photo-generated acid) triggered the desired inversion.
In Chapter 4, polymer-stabilized droplets picked up various types of nanoparticles
from substrates and transported the nanoparticles in a fluid driven system. Oil-in water
droplets decorated with pentafluorophenyl ester groups removed amine functionalized
silica nanoparticles adsorbed on a substrate. Hydrophobic PS latex nanoparticles were
removed from the surface due to preferential hydrophobic interactions with the
encapsulated oil phase, even in the absence of functional groups on the droplet. The
polymer-stabilized droplets, termed ‘osteodroplets’, conceptually resemble the action of
osteoclasts, which are responsible for bone resorption, utilizing complimentary
funtionalities or hydrophobic interactions as the driving force for nanoparticle pickup.
Chapter 5 describes the preparation of Langmuir films of gold nanoparticles,
where the NPs contain cyclic olefins in their ligand framework. Cross-linking was
achieved by introduction of a water soluble ruthenium benzylidene catalyst to the
aqueous sub-phase, which converted the nanoparticle film to an elastic network that
could be manipulated by pulling the film from the interface.
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CHAPTER 2
NANOPARTICLE STABILIZED DOUBLE EMULSIONS

2.1 Introduction
Double emulsion droplets, whether water-in-oil-in-water (w/o/w), or oil-in-waterin-oil (o/w/o), are attractive for providing a means to control release from the inner phase
to the outer phase, while effectively shielding the interior phase from the continuous
phase. They find uses in many applications in many areas such as in food science1,
cosmetics2,3, pharmacology4,5 and separation technologies6. Double emulsions can be
prepared by a one- or two-step emulsification process, in the presence of a relatively
hydrophilic surfactant that stabilizes o/w droplets, and a relatively hydrophobic surfactant
that stabilizes the w/o interfaces.7 Such emulsions have been generated during phase
inversion processes, i.e. when the continuous phase of the immiscible liquid-liquid
dispersion becomes the dispersed phase. Double emulsions were initially observed by
Seifriz and coworkers for systems involving reversible petroleum oil and aqueous casein
emulsions, where addition of barium hydroxide to an initially unemulsified oil/water
mixture lead to formation of double and multiple emulsions.8
Double emulsions have been prepared using synthetic block and graft amphiphilic
copolymers and also with natural amphiphilic macromolecules such as proteins and polysaccharides.7,9-11 However, stabilization of double emulsions by particulates, rather than
traditional surfactants, remains a largely unexplored route. Fletcher and co-workers
reported the preparation of both simple and multiple emulsions of ionic liquids stabilized
by

two different fumed silica particles having different wettability.12 Binks and

coworkers13 observed double emulsions while studying reversible (o/w) systems
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stabilized also with fumed silica particles of intermediate hydrophilicity (i.e., using
partially hydrophobized silica particles). In both studies, the energy of adsorption of the
particles to the fluid-fluid interface exceeds thermal energy kBT due to their large size.14
Thus, the particles are not easily removed from the interface, enabling formation of stable
double emulsion droplets. The latter approach did not give fine control over droplet size,
and both studies were limited to one type of nanoparticle composition.
In this research, the simultaneous interfacial adsorption of independently
functionalized semiconductor and metallic nanoparticles, to give stable w/o/w and o/w/o
double emulsion structures as the first example of double emulsions stabilized
exclusively by two different types of nanoparticles, was exploited.15 Additionally, the use
of carbon materials, namely carbon nanotubes and graphene oxide were investigated in
the formation of double emulsions along with CdSe nanoparticles.

2.2 Double Emulsions Stabilized with Gold and CdSe Nanoparticles
Nanoparticle-stabilized double emulsions were prepared, using tetra(ethylene
glycol) (TEG) functionalized gold nanoparticles (Au NPs) that are known to stabilize o/w
droplets, and CdSe quantum dots (QDs) that are known to stabilize w/o droplets when the
QDs are functionalized with their native alkyl (i.e., phosphine oxide and phosphonic
acid) ligands.16,17 Interestingly, double emulsions containing CdSe QDs and Au NPs were
obtained easily, albeit crudely, after shaking oil/water/NP/QD solutions by hand in a twostep procedure. For example, as shown in Figure 2.1a, to obtain an o/w/o double
emulsion, first 0.1 mL of 1,2,4-trichlorobenzene (TCB), the minor oil phase, was added
to 0.9 mL of an aqueous phase containing 5 mg/mL Au NPs. Vigorous shaking gave an

17

oil- in-water single emulsion stabilized by the Au NPs. These droplets were then utilized
as the minor aqueous phase, and added to a 1 mg/mL toluene solution of CdSe QDs.
Shaking this mixture by hand gave the desired o/w/o double emulsion, as confirmed by
optical and confocal fluorescence microscopy. As seen in Figure 2.1, different types of
emulsion droplets were obtained, including those containing one or more inner droplets
mixed with single emulsion structures. The size of the double emulsion droplets varied
widely, from ~150-250 µm for the outer droplets, and ~60-170 µm for the inner droplets.
Notably, in the double emulsions, the size of the inner droplets remained consistent with
the o/w single emulsions used in their formation, suggesting that the second
emulsification step does little to disrupt the initial interfacial NP assembly. The use of
CdSe QDs enhances structural characterization, enabling droplet imaging by fluorescence
confocal microscopy to confirm their presence and location within the double emulsion
structure. Since the TEG-functionalized Au NPs are not fluorescent, Coumarin 153 was
added to the TCB oil phase to visualize the Au NP stabilized droplet. Coumarin 153 is
convenient for its fluorescence emission at 530 nm, distinct from the CdSe QD emission,
allowing easy differentiation between the aqueous and oil phases. Figure 2.1b shows a
fluorescence confocal microscopy cross-section of a sampling of these droplets, in which
the red fluorescence is indicative of the CdSe QDs as the outer encapsulating phase, and
the green fluorescence is from Coumarin 153, held in the oil-filled inner droplets by the
stabilizing TEGylated Au NPs.
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Figure 2.1. Schematic representations and fluorescence confocal microscopy images of
NP-stabilized double emulsions: a,b) o/w/o double emulsion droplets, and c,d) w/o/w
double emulsion droplets. The red fluorescence is from the CdSe QDs, and the green
fluorescence is from Coumarin 153. e) Formation of NP/QD-stabilized double emulsion
in a microcapillary device with a flow-focusing geometry and f) fluorescence microscopy
images of w/o/w double emulsions stabilized by Au NPs and CdSe QDs.

Additional experiments demonstrated an inherent versatility to the CdSe QD and Au
NP combination for preparing double emulsion structures, as w/o/w double emulsions
were also formed readily. This was done by first forming single w/o droplets (in toluene)
stabilized with CdSe QDs, then adding this emulsion as the minor phase to a solution of
Au NPs in water. As seen in the fluorescence confocal micrograph of Figure 2.1d, in this
case the CdSe QDs reside at the interface of the inner droplet, often as multiple droplets
contained inside Au NP-covered toluene droplets.
The NP-stabilized droplets described thus far are otherwise surfactant free,
lacking the small molecule or polymeric surfactants typically required to generate
emulsion droplets. Rather, the NPs themselves function as surfactants, while
simultaneously bringing the properties of the semiconductor and metallic particles into
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the droplet structures. Pendant drop tensiometry provides evidence for the surfactancy of
these particles. The interfacial tension of TCB/water, measured by the pendant drop
technique to be approximately 45 mN/m, was reduced to 22 mN/m in the presence of Au
NPs, and 29 mN/m in the presence of CdSe QDs.
In an attempt to refine the structures of the nanoparticle-stabilized double
emulsion droplets microfluidic techniques were utilized. A glass capillary device
combining both co-flow and flow focusing was used to form w/o/w double emulsion
droplets18, as shown in Figure 2.1e. The innermost aqueous phase was deionized water,
while the middle oil phase consisted of 2 mg/mL CdSe QDs in TCB (with 1 vol %
coumarin 153 added to facilitate characterization by fluorescence microscopy), and the
outer phase consisted of 5 mg/mL Au NPs in water. The resulting w/o/w emulsion
droplets are shown in the fluorescence image of Figure 2.2f. Fluorescence emission from
Coumarin in the interior oil phase unambiguously establishes the structure of these
droplets as w/o/w double emulsions, while the enhanced fluorescence intensity at the
interface between the inner and middle phases arises from the presence of CdSe QDs (~6
nm) at that interface. In this experiment, the outer droplet diameter is seen to range from
~17 to 40 microns, representing a substantial improvement in droplet uniformity relative
to the double emulsions formed simply by shaking. Moreover, the flow-focusing
technique produced samples in which nearly every oil droplet contained a single internal
water droplet.
Increasing the flow rate of the inner-fluid in the microfluidic flow-focusing device
led to nanoparticle-stabilized double emulsion droplets containing multiple inner
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droplets, as shown in Figure 2.2a. These w/o/w double emulsions were composed of
TEG-functionalized Au NPs at the outer interface, and CdSe QDs at the inner interface.

Figure 2.2. Fluorescence microscopy images of a) w/o/w double emulsions containing
multiple inner droplets, after solvent evaporation for b) 5 s (top) and c) 20 s (bottom). d)
Closer view of the compressed emulsions after solvent evaporation.
Though the dimensions of the outer droplets were nearly uniform in size (about
70 microns in diameter), the inner droplets were less well-defined, reflecting a slight
variation in flow rate of the inner fluid. The size and number of the inner and outer
droplets are determined by the dimensions of the microcapillary orifices (larger openings
give larger droplets) and flow rates of the fluids (faster flow gives smaller droplets). For
these experiments, toluene was chosen as the oil phase rather than TCB, allowing more
rapid solvent evaporation. Following droplet formation, the samples were allowed to dry
in air, during which time they showed excellent stability against coalescence, with respect
to both the internal droplets and the external structures. Interestingly, the stability of these
toluene-based droplets was notably greater than those formed with TCB.

Upon

evaporation of toluene, the inner droplets were compressed, yielding planar interfaces
with characteristic Plateau borders, as indicated by the yellow arrows in Figure 2.2d.
Complete evaporation of toluene from the middle phase yielded nanoparticle foams, i.e.
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multi-compartment capsules in which thin walls of Au NPs and CdSe QDs separated the
internal aqueous droplets from the surrounding fluid. While similar polymer-based multicompartment vesicles have previously been formed from double emulsion templates19, to
our knowledge this represents the first example of such structures wherein NPs comprise
the stabilizing material.

Figure 2.3. a) Optical microscopy images of a) uniform w/o/w double emulsion, formed
without PVOH (inset is a fluorescence microscopy image); b,c) honeycomb structures
formed upon solvent evaporation and droplet compression. The inset of c) is a laser
scanning confocal microscopy image. The fluorescence from CdSe QDs is seen as green
in a), and red in c).
Optimal flow focusing conditions were found to yield nearly monodisperse
nanoparticle-stabilized double emulsion droplets, as shown in Figure 2.3a. In this case, a
1:1 (v/v) ratio of toluene and TCB was used, yielding both excellent emulsion stability
and slow solvent evaporation from droplets that settled to the fluid-substrate (glass)
interface following drop-casting of the droplets onto the slide. Following complete
evaporation of both organic solvent and water, striking honeycomb-like structures
remained on the substrate (Figure 2.3b). These correspond to hybrid nanoparticle lines
templated by the hexagonally-packed arrays of compressed droplets formed during
solvent evaporation. Evidently, the NP-stabilized interfaces are sufficiently robust to
withstand even complete removal of both solvent phases. While monodisperse NP-
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stabilized droplets could be obtained only over a small window of operating conditions,
the use of poly(vinyl alcohol) (PVOH) as an additional stabilizing surfactant in the outer
aqueous phase gave improved droplet formation with respect to size uniformity. For
example, Figure 2.3c shows wire-like mesh structures that were obtained upon solvent
evaporation from the double-emulsion droplets in which 2 wt% PVOH was present in the
aqueous phase.Fluorescence microscopy reveals the presence of CdSe QDs within these
hybrid polymer/NP “wires”. We reiterate that such structures, potentially interesting for
providing a connected and ordered array of NPs over a large area, are produced readily
by a simple emulsification and evaporative process.

2.3 Double Emulsions stabilized with Carbon Nanotubes and Graphene Oxide
Carbon nanomaterials have attracted great interest driven by the unique properties
and diverse applications these structures offer.20,21 An interesting class of carbon
nanomaterial derivatives is hybrid materials of metallic or semiconducting nanoclusters
and carbon materials which are promising materials with applications in nanoscale
devices and nanoelectronics.22,23 Furthermore, the uniform dispersion of metallic
nanoparticles on carbon nanotube surfaces can yield ideal nanocatalysts for various
heterogeneous reactions.24
In this research, formation of double emulsions stabilized by carbon nanotubes,
graphene oxide and CdSe NPs is demonstrated where carbon nanotubes or graphene
oxide stabilizes water-in-oil emulsions and CdSe-TOPO stabilizes water-in-oil
emulsions.
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In this study double walled carbon nanotubes prepared by chemical vapour
deposition method (NanoLab Inc.) were used. Pristine carbon nanotubes are 4±1 nm in
diameter and 1-5 µm in length. In an attempt to shorten the carbon nanotubes and
increase their solubility, nanotubes are sonicated in a 3:1 mixture of sulfuric acid and
nitric acid at 40 °C. The reaction time was varied from 4- 8 hours to observe the effect of
reaction time on solubility and interfacial activity of nanotubes. Only 6 and 8 hour
sonication resulted in water soluble nanotubes and 6 hour treated samples lead to
formation of stable o/w droplets. Carbon nanotubes sonicated in the acid mixture for
longer than 6 hours were dissolved in aqueous phase and did not stabilize the interface.
An average length of 280 nm was measured using dynamic light scattering for the
nanotubes sonicated for 6 hours in the acid mixture. These nanotubes stabilized o/w
droplets using various solvents such as 1,2,4 trichlorobenzene, hexanes, chloroform and
toluene as the oil phase. The o/w droplets had sizes ranging between 100-400 µm and
were stable for months. Pendant drop tensiometry proved the interfacial activity noted by
a drop in the interfacial tension in the presence of nanotubes. For example, interfacial
tension between water and trichlorobenzene dropped from 45 to 31mN/m when
nanotubes were present in water phase.
Similar o/w droplets were formed using graphene oxide as the stabilizer.
Graphene oxide was synthesized following a recent literature report by Tour and
coworkers.25 This method uses a 9:1 mixture of H2SO4 and H3PO4 and excludes sodium
nitrate and provides a higher oxidized material compared to Hummer’s method and
Hummer’s method with additional KMnO4.25,26 Mixing 1 mL aqueous solution of
graphene oxide (0.5 mg/mL) and 0.1 ml of 1,2,4 trichlorobenzene followed by vigorous
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shaking resulted in oil- in-water single emulsions stabilized by graphene oxide. Figure
2.4 shows the oil-in-water single emulsions stabilized by carbon nanotubes (CNT) and
graphene oxide (GO) using 1,2,4 trichlorobenzene as the oil phase. Both emulsions
proved to be stable over months.

Figure 2.4. Photographs and optical microscopy images of a) carbon nanotube stabilized
b) graphene oxide stabilized oil-in-water emulsions.

Following the formation of single emulsions, nanoparticle and CNT/GO stabilized
double emulsions were prepared, using CdSe nanoparticles to stabilize w/o droplets, and
CNT or GO to stabilize o/w droplets. Double emulsions were obtained in a two-step
procedure similar to what has been described for double emulsions of Au and CdSe
nanoparticles in section 2.2. For example, to obtain an o/w/o double emulsion, as shown
in Figure 2.5, first 0.1 mL of TCB containing Coumarin 153, the minor oil phase, was
added to 0.9 mL of an aqueous phase containing CNT (0.1 mg/mL). Vigorous shaking
gave an oil-in-water single emulsion stabilized by CNT. These droplets were then utilized
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as the minor aqueous phase, and added to a 1 mg/mL toluene solution of CdSe QDs.
Shaking this mixture resulted in o/w/o double emulsion, as confirmed by optical and
confocal fluorescence microscopy. As seen in Figure 2.5, both w/o/w and o/w/o
emulsions can be obtained using this technique.

Figure 2.5. Schematic representations and fluorescence confocal microscopy images of
NP-stabilized double emulsions a) o/w/o emulsions with CNT, b) w/o/w emulsions with
CNT, c) o/w/o emulsions with GO, d) w/o/w emulsions with GO.

2.4 Conclusions and Future Outlook
In summary, formation of double emulsions stabilized solely by nanoparticles was
demonstrated. In these droplets, the o/w interface is successfully stabilized by Au NPs,
while the w/o interface is stabilized by CdSe QDs. In addition to facile formation of
polydisperse droplets by sequential emulsification and shaking, that well-defined droplets
could be formed using flow-focusing with a glass microcapillary device. This
microcapillary technique led to the fabrication of tunable double-emulsion droplets with
various sizes of the internal and external droplets. Remarkably, these uniform droplets
gave rise to a well-ordered honeycomb structure after complete solvent evaporation,
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where the NPs that prevent droplet merging become connected into a mesh- like
structure. Extension of this approach to other NP compositions will provide a route for
developing novel micro-patterned materials, which might exhibit exceptional electrical,
optical, and/or catalytic properties based on NP composition and the high degree of order
in materials obtained from these droplets.
Additionally, the preparation of novel double emulsions using carbon nanotubes
and graphene oxide along with CdSe nanoparticles was exploited. Preliminary work was
done on the formation of these double emulsions by shaking by hand. Formation of
double emulsions with carbon nanotubes was easier compared to graphene oxide, the
reason for this different behaviour could be exploited further.
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CHAPTER 3
TRIGGERED IN SITU DISTRUPTION AND INVERSION OF NANOPARTICLE
STABILIZED DROPLETS

3.1 Introduction to Emulsion Inversion
Emulsions are used extensively in diverse areas ranging from cosmetics, to
pharmaceuticals, food processing, coatings and froth flotation.1-3 They act as a means of
carrying one fluid in a second. The ability to control droplet stability with chemical
triggers is of fundamental importance for providing simple routes to highly tailored
nanoscale materials, with implications in the behavior of particulate materials in
microfluidic and nanopatterning processes.4
In emulsions stabilized by particles, particle wettability, described by the contact
angle θ between the solid and the o/w interface, dictates the type of emulsion formed.
Oil-in-water (o/w) emulsions are formed with hydrophilic particles (θ < 90°), while
water-in-oil (w/o) emulsions are formed with hydrophobic particles (θ > 90°).5 Phase
inversion of particle stabilized emulsions has been reported by variation of the oil-towater ratio, particle hydrophilicity, pH and salt concentration.6-9 For example, phase
inversion from water-in-air (w/a) powders to air-in-water (a/w) foams was accomplished
by changing the air/water volume ratio, using fumed silica agglomerates to stabilize the
interface.6 This type of inversion caused by a change in the o/w ratio is called
catastrophic inversion. In the same study, inversion was observed over a series of
different samples using particles of varying wettability. With increasing hydrophobicity,
the system evolved from aqueous dispersions, to a/w foams, to w/a powders. This type of
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inversion stimulated by a change in the hydrophilic–lipophilic balance of the system at
fixed o/w ratio is called transitional inversion.
There are a limited number of examples of Au NP stabilized emulsions. In prior
work on Au NPs at fluid-fluid interfaces, Vanmaekelbergh et al. showed that citratestabilized Au NPs dispersed in water could be assembled at the heptane-water interface
upon addition of ethanol.10 Addition of ethanol resulted in a reduction of the charge
density on the nanoparticles and the subsequent formation of an interfacial layer of
particles. Mohwald et al. showed that terminal 2-bromopropionate groups on ligandfunctionalized Au NPs and silver nanoparticles (Ag NPs) lead to self assembly of
nanoparticles at w/o interface.11 In another study, they examined the effect of surface
charge density on the assembly of nanoparticles at the w/o interface using carboxylic acid
terminated ligands on Au NPs and CdTe NPs.12 They found that increasing the surface
charge density led to a decrease in the surface coverage of particles with a size smaller
than 10 nm. The droplets formed in these studies were millimeter sized and showed
coalescence. Au NPs covered with a mixture of hydrophobic and hydrophilic ligands,
were prepared by ligand exchange chemistry, to give micron-sized, stable oil in water
droplets.13 However, only a narrow ratio of hydrophobic to hydrophilic ligands led to
stable droplets. Au NPs covered with PEGylated ligands proved very effective in oilwater interfacial stabilization with a variety of organic solvents, including for example
hexanes, ethyl acetate, perfluorodecalin, 1,2,4-trichlorobenzene (TCB), and toluene.14
In this chapter, the synthesis of gold nanoparticles decorated by ligands with acidlabile protecting groups- namely tetrahydropyranyl ethers- and their use in stabilizing
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water-in-oil emulsions is investigated.15 The wettability change upon deprotection is
utilized in emulsion disruption and inversion.

Scheme 3.1. Representation of a TEG-THP Au NP stabilized w/o emulsion and emulsion
inversion upon deprotection of the THP group with acid.
Tetrahydropyranyl (THP) ethers are widely used acid labile groups for protecting
alcohols, prepared by treating the alcohol with 3,4-dihydro-2H-with a catalytic amount of
acid.16 Many multi-step organic syntheses utilize THP protection, for its stability under
neutral and basic conditions and towards oxidizing and reducing agents.17 In this study,
using tetrahydropyranyl ether chemistry on thiol- functionalized tetraethyleneglycol
(TEG) ligands, acid labile protected ligands are synthesized to afford nanoparticles that
change wettability upon introducing acid. The TEG-THP gold nanoparticles (Au NPs) are
dispersible in organic solvents, and stabilize w/o emulsions. After treatment with acid
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w/o emulsions are destabilized and emulsion inversion occurred by the subsequent
addition of water. (Scheme 3.1)

3.2 Synthesis of Ligands and Particles
Ligand 1 is synthesized according to literature procedure.18 Ligand 2 is
synthesized similarly by the reaction of [1-(Acetylthio)-11-undecyl]tetra(ethylene
glycol)19 with 5,6-dihydro-4-methoxy-2H-pyran in dichloromethane, followed by
deprotection of thiol group using hydrazine acetate in dimethylformamide (Figure 3.1).

Figure 3.1 . Synthesis of ligands 1 and 2.
Gold nanoparticles stabilized with ligand 1 are synthesized using three different
methods: one and two phase Brust methods20,21 and Stucky method22. First, gold
nanoparticles are synthesized by the two-phase, Brust-Schiffrin method with toluene and
water substituting ligand 1 in place of dodecanethiol. As described by Glogowski et al.18
purification was difficult since the particles did not precipitate in ethanol, separation of
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excess ligand was not possible. Particles were purified using a neutral alumina plug,
however droplets formed using these particles were very large in size and coalesced over
time. Similarly, droplets stabilized by particles synthesized via one phase method in
isopropanol showed coalescence and did not give stable droplets eventhough multiple
organic solvents such as chloroform, toluene, 1,2,4 trichlorobenzene has been tried.
Au NPs were finally prepared following the report of Stucky, using AuPPh3Cl
and borane tert-butylamine complex (t-Bu-NH2.BH3) as the reducing agent.22 Particles
obtained were soluble in chloroform, toluene, 1,2,4 trichlorobenzene. Interestingly, Au
NPs functionalized solely by THP-protected ligand 1, TEG-THP, did not stabilize
emulsions at oil/water interface. In order to form stable w/o droplets, incorporation of
TEG ligand 3 was necessary in a mixed monolayer. 9:1, 7:3, 5:5 TEG-THP 1: TEG 3
ligand ratios were tried. 9: 1 TEG-THP 1: TEG 3 ligand ratio proved the most suitable.

3.3 Preparation of Water-in-oil Emulsions and Disruption
Water-in-oil emulsions were formed when water (0.1 mL) was added to 0.9 mL of
1,2,4-trichlorobenzene (TCB) containing 5 mg/mL Au NPs, followed by vigorous
shaking. The surfactant character of the 1/3 functionalized Au NPs is appreciable as the
interfacial tension of TCB/water measured by pendant drop technique to be 45 mN m-1
was reduced to 18 mN m-1 in the presence of TEG-THP Au NPs. For the measurement a
drop of particles in TCB is lowered into water and interfacial tension is determined by
fitting Young-Laplace equation based on the droplet shape.23,24,25 The w/o droplets that
are formed using 1/3 coated Au NPs are shown in Figure 3.2a. The droplets are stable for
weeks. However, disruption of the emulsions was achieved by introducing an acid such
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as p-toluene sulfonic acid (PTSA) and pyridinium p- toluene sulfonate (PPTS) in the
water phase

prior to droplet formation.26,27 In a typical procedure, 0.1 mL water

containing the acid, was added to 0.9 mL of 1,2,4-trichlorobenzene (TCB) solution
containing 5 mg/mL Au NPs, followed by vigorous shaking to give a water-in-oil
emulsion. Figure 3.2b and c show confocal micrographs of w/o emulsions destabilized
with 20 mg/ml PPTS and 5 mg/ml PTSA, respectively, 90 minutes after their formation.

Figure 3.2. Water-in-oil droplets stabilized by TEG-THP functionalized Au NPs: a) 90
min after their formation in the absence of acid; b) with PPTS; c) with PTSA (scale bars
300 mm); d) change in average droplet diameter over time.
In the presence of acid, a significant increase in droplet size was observed due to
coalescence (Figure 3.2b and c). Figure 3.3d shows the change in droplet size over time,
until complete disruption was achieved, and the droplets grew as they merged. The
droplets in the sample with no added acid did not increase in size over time, and such
acid-free emulsions were stable for weeks or longer.
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Additionally, in control experiments where TEG thiol ligand 3 functionalized
nanoparticles were used to stabilize emulsions, the presence of PTSA did not cause a
change in the stability or the size of the emulsion droplets as shown in the micrograph of
emulsions before and one day after the introduction of 5 mg/ml PTSA (Figure 3.3 a and
b). The UV absorbance of the particles indicated no significant change in the size of the
particles, with a λmax of 513 nm, which agree well with the TEM images taken before and
after the control experiment.

Figure 3.3. Oil-in-water emulsion droplets stabilized by TEG Au NPs a) before and b)
one day after addition of 5 mg/ml PTSA. c) UV absorption of particles with and without
organic acids PPTS and PTSA.

Complete phase separation occured over the course of several hours for the
droplets stabilized by 1/3 ligands in the presence of acid. This observation is consistent
with literature reports on the time scale typical for deprotection of THP groups in
solution.27 Given their relatively slow ‘trigger’, protecting group chemistry that would
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allow considerable acceleration of this process was considered and methoxy
tetrahydropyran (MTHP) was chosen. 4-methoxytetrahydropyranyl ethers are prepared in
a similar way as THP ethers but they hydrolyze approximately 3 times faster than the
corresponding THP ethers.28 As shown in Figure 3.4, the droplets stabilized by MTHPTEG ligand were disturbed faster under the same conditions. In the presence of PTSA,
emulsion disruption is initiated as the droplets are formed and complete disruption
occured in less than 15 minutes. We note that, emulsions are stable over the course of
weeks in the absence of acid.

Figure 3.4 Fluorescence confocal microscopy images of disrupted emulsions stabilized
with TEG-MTHP Au NPs in the presence 5mgml-1 PTSA a and b)after 1 min and c and
d)after 5 min (scale bars 300 mm).

3.4 Light Triggered Emulsion Disruption
Acid- triggered processes can be translated to light activated when performed in
the presence of photo acid generators (PAGs), as exploited extensively in
microelectronics fabrication.29,30 Disruption of the emulsion droplets can be triggered
upon exposure to light if a PAG is used. 2-(4-methoxystyryl)-4,6-bis(trichloromethyl)1,3,5-triazine was chosen as an oil-soluble PAG. Emulsion disruption is observed when
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the droplets are exposed to UV irradiation (365 nm) for 5 minutes, as shown in Figure
3.5. UV irradiation did not cause emulsion disruption when the PAG was absent.

Figure 3.5 a) Structure of the photoacid generator used. Microscopy images of droplets
stabilized with TEG-MTHP functionalized Au NPs in the presence of PAG b) before and
c) after UV irradiation (scale bar 300 mm).

3.5 Emulsion Inversion
Since Au NPs stabilized by the TEG ligand 3 are known to stabilize o/w
emulsions, emulsion inversion after deprotection was possible. In literature examples
emulsion inversion has been reported using various techniques including but not limited
to variation of the o-w ratio, particle hydrophilicity, pH and salt concentration. However
most of these studies investigate emulsions stabilized by particles in the size range of
100-1000 nm. Emulsion inversion in this case was achieved by adjusting the oil/water
ratio following the acid-triggered phase separation, by addition of water and agitation of
the resulting mixture. Figure 3.6 illustrates the process, and FITC-dextran was used to
distinguish the aqueous phase in the fluorescence images (Figure 3.6 d-f). Initial w/o
droplets containing FITC-dextran and acid in the water phase (Figure 3.6a and d) showed
coalescence (Figure 3.6b and 3.6e). Droplet disruption due to deprotection ultimately
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resulted in complete phase separation of the oil and water phases (Figure 3.6g). As the
Au NPs become water soluble, they were expelled into the aqueous phase. Following
phase separation, 2 mL of water is introduced and the solution is shaken to form o/w
emulsions. As seen in the optical and fluorescence images in Figure 3.6c and f, stable o/w
emulsions form. This in situ inversion is tracked by the fluorescent aqueous phase, which
is the inner phase in the case of w/o emulsions, and the outer phase for o/w emulsions.
The photograph in Figure 3.6h shows stable w/o emulsions in the absence of acid, and
stable o/w emulsions that form upon acid-triggered disruption and inversion.

Figure 3.6. Confocal microscopy images of a, d) w/o emulsions b, e) disrupted w/o
emulsions and c ,f) o/w emulsions. Fluorescence is resulting from FITC-Dextran
dissolved in water phase. Images of g) phase separated NP solution (on left), stable w/o
emulsions (on right) and h) w/o emulsions ( on left) inverted o/w emulsions (on right).
Scale bar 300 µm.

Insight into the deprotection process was gained from pendant drop tensiometry
measurements. A drop of TEG-MTHP Au NPs in TCB was introduced into water; after
stabilization of the droplet, PTSA (5 mg/ml) was added to aqueous phase. A sudden drop
in interfacial tension was observed, and this decline continued at a slope greater than that
prior to adding acid. (Figure 3.7) A final interfacial tension value of 16 mN/m was
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obtained, attributed to efficient deprotection and the presence of TEG-OH functionality
on the Au NPs.

Figure 3.7. Time dependence of interfacial tension at a TCB/water interface with 0.5
mg/ml TEG Au NP (black), 0.5 mg/ml MTHP-TEG Au NP (red), and MTHP –TEG Au
NP upon addition of PTSA (blue).

3.6 Applicability to CdSe Quantum Dots
In order to test the versatility of the disruption method described, CdSe quantum
dots (QDs) coated with TEG-THP and TEG-MTHP ligands were also prepared and tested
in this emulsion inversion process. Ligand exchange was performed on CdSe/ZnS core
shell QDs functionalized initially with their native alkyl ligands, using methanol as the
solvent, for 3 hours at 70 °C. CdSe QDs functionalized with TEG-THP and TEG-MTHP
form w/o droplets, using toluene or TCB as the oil phase, that are stable for days (Figure
3.8a and c). Unlike the Au NPs, a mixed monolayer with TEG ligand was not necessary
for droplet stabilization. Emulsion disruption was observed in the presence of 5 mg/ml
PTSA as shown in Figure 3.9b for THP-TEG and Figure 3.8d for MTHP-TEG covered
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CdSe NPs. However, even after phase separation, QDs did not transfer into water phase
and emulsion inversion did not occur, possibly attributable to retention of a portion of the
native ligands on the QDs.

Figure 3.8. Fluorescence confocal microscope images of a and c) o/w emulsions b and
d) disrupted w/o emulsions in the presence of PTSA of CdSe NPs coated with TEG- THP
and TEG-MTHP respectively. (Scale bar 300 µm)

3.7 Conclusions and Future Outlook
In summary, NPs were prepared with responsive ligands in the form of THP and
MTHP protected alcohols, affording a new a route to an acid- and photo-induced phase
inversion of NP-stabilized emulsion droplets.

Ligand-functionalized Au NPs were

converted from oil-dispersible to water-dispersible by cleaving the labile chain-end group
in the presence of acid, thus giving the desired ability to change an initial emulsion
system from one type of encapsulant sytem to the inverse. The choice of protecting
group was shown to dictate the timeframe of emulsion disruption.
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Figure 3.9. a) Schematic representation of triggered release from a w/o/w double
emulsion. b) and c) Confocal microscopy images of double emulsions.
Extending this work using triggered release of the contents towards applications
in site-isolated delivery and/or repair is remains to be exploited. Triggered release of the
contents of the inner emulsion in a double emulsion droplet can be achieved as
represented in Figure 3.9. Preliminary results indicate w/o/w double emulsions where
TEG- Au NPs stabilize the o/w interface and THP/MTHP- TEG Au NPs stabilizing the
w/o interface can be successfully prepared. Next, PAGs and organic acids with different
solubilities can be employed as a trigger for release .
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CHAPTER 4
PICKING UP NANOPARTICLES WITH FUNCTIONAL DROPLETS

4.1 Introduction
Microcapsules are used extensively in a diverse range of applications, including
cosmetics, pharmaceuticals, food processing and coatings.1-3 Advanced concepts in
microcapsules leverage built-in responsiveness, such as to light, mechanical force, pH,
and temperature.4-7 Moreover, controlling the interactions between an encapsulating
agent and its surroundings enables opportunities for controlled, site-specific delivery of
encapsulated material.

The concept of localized delivery has been validated first

theoretically and then experimentally by a process termed repair-and-go, in which
microcapsules locate the cracked regions of damaged substrates for subsequent
deposition of nanoparticles into the cracks.8-10 In that study, microcapsules are produced
by shaking an aqueous solution of polycyclooctene-graft-phosphorylcholine with an
organic solution of CdSe nanoparticles. Pump-driven flow system is utilized to transport
of microcapsules over PDMS substrate with oxidized hydrophilic surface and unoxidized
hydrophobic cracked regions. The droplet solution passed along the substrate at a
constant flow rate in pulsed intervals of flow and rest and nanoparticles are deposited
selectively into the cracked areas of the substrate. Such experiments represent progress
towards facile, autonomous healing of damaged materials, in which the healing agent is
deposited only into the area of interest.
This chapter describes design of synthetic polymer capsules and materials
interfaces that mimic the action of osteoclasts, cells that work in conjunction in vivo with
osteoblasts to balance bone density by collecting and transporting debris on the surface of
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bone.11,12 These experiments are inspired by simulations of Balazs and coworkers, in
which lipid vesicles recognize Janus nanoparticles on a substrate while under an imposed
shear.13 Much like osteoclasts, the roaming vesicles pick up debris, in the form of
nanoparticles resting on a substrate, aided by the distinct hydrophobic portion of the
nanoparticle that becomes integrated into the hydrophobic vesicle interior.

Balazs’

theoretical treatment further outlined a pathway whereby the ‘picked up’ nanoparticles
are released (‘dropped off’) at a later stage. The experiments reported here show that
numerous types of particles, including oxide, polymer and semiconductor particles, even
without distinct hydrophobic/hydrophilic regions, can be picked up from substrates,
collected, and transported off the substrate by polymer-stabilized oil-in-water emulsion
droplets.
4.2 Picking up Silica Nanoparticles
The design of nanoparticle pickup using droplets, and its several possible
outcomes, is shown schematically in Scheme 4.1. Emulsion droplets traversing a surface
through a fluid medium come into contact with nanoparticles resting on the surface.
Depending on the nature of the polymer/fluid/nanoparticle interactions, droplet-tonanoparticle contact may result in particle internalization into the oil phase, partitioning
to the oil-water interface, or both; however, if sufficiently favorable interactions are not
presented, then no pickup would be expected. While interfacial interactions alone may
lead to nanoparticle pickup, we describe cases in which the process is enhanced by
decorating the droplets and nanoparticles with complementary reactive functionality,
giving ‘smart droplets’ that selectively pickup one type of particle in preference to
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another, conceptually reflecting cell receptor interactions and engulfing processes in
biology.

Scheme 4.1. Illustration of potential modes of nanoparticle pickup using functional
droplets.

A pump-driven flow system was designed to transport emulsion droplets across a
nanoparticle coated substrate inside a custom-made flow cell, consisting of a Teflon
block connected to a peristaltic pump (Cole-Parmer). A polydimethylsiloxane (PDMS)
substrate (2 x 1 x 0.1 cm) was placed in the well of the flow cell. Surface oxidized (i.e.,
hydrophilic) PDMS, prepared by surface treatment with UV/ozone, was selected as the
substrate for its stability in the aqueous environment used in the experiments, and relative
inertness towards the nanoparticles and emulsion droplets employed.

The pickup

experiments were performed with droplets stabilized by polyolefins having pendent
phosphorylcholine (PC) groups;

10,14

these polymers stabilize the droplets for extended

time periods (days to weeks), and can carry additional functionality when prepared as
copolymers. Figure 4.1 shows the polymer structures used for the preparation of the
osteoclast-mimicking droplets, or ‘osteodroplets’. Polymer 1 (P1) is a PC-substituted
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polyolefin having pentafluorophenyl ester (PFPE) comonomers, selected for their fast
reaction with amines;

15-21

polymer 2 (P2) is a stable ester analogue having similar

surfactant properties to P1.

P1 and P2 were prepared by ring-opening metathesis

polymerization (ROMP) of the corresponding PC-, PFPE-, and phenyl ester-substituted
cyclic olefins using ruthenium benzylidene catalysis by Chia-Chih Chang. The numberaverage molecular weights of the polymers obtained were estimated by aqueous gel
permeation chromatography (calibrated against PEO standards) to be ~4 kDa with PDI
values ~2. Copolymer composition was calculated by 1H NMR spectroscopy, and
synthetic details and characterization are provided in the Experimental Section. The
surfactant character of the chosen PC-polymers is critically important for enabling robust
droplet stabilization; for example, the interfacial tension of 1,2,4-trichlorbenzene
(TCB)/water, measured by pendant drop tensiometry, was reduced from 45 mN/m for the
pure liquid phases to ~10 mN/m in the presence of P1 or P2. Shaking an aqueous solution
of P1 or P2 in an organic solvent (TCB, chloroform, toluene, or other solvents) gave oilin-water emulsion droplets of ~50-300 µm diameter, and these droplets were used in the
experiments that follow.
Emulsion droplets stabilized by P1 or P2 were used to test the osteodroplet
concept, by attempted pickup of amine-functionalized silica nanoparticles (~50 nm
diameter) prepared by the Stöber method

22

and labeled with fluorescein for ease of

characterization by fluorescence microscopy. Emulsion droplets were formed by mixing
an aqueous solution of polymer (20 mL, 2 mg/mL) with TCB (1 mL). The aqueous
solution of polymer droplets was passed over the nanoparticle-coated substrate utilizing
the peristaltic pump and laminar flow (flow rate 0.5 mL/s, Reynolds number ~300).
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Copolymerization

CH2Cl 2/CF3CH2OH

P1

P2

Figure 4.1. Synthesis of polymers, P1 and P2, for droplet stabilization and nanoparticle
pickup.
Figure 4.2a shows a fluorescence microscopy image of the substrate at the outset
of the experiment. The SiO2 nanoparticles (NPs) (2 mg/mL in ethanol) were dropcast
onto the treated PDMS substrate, and the substrate was imaged with an Olympus BX51
fluorescence microscope equipped with a 100 W Mercury Lamp using a fluorescence
ﬁlter having excitation and emission wavelength of 420-480 nm and 520-800 nm,
respectively. Images were captured on an Olympus DP 71 digital camera. A solution of
P1 droplets was passed over the substrate for 50 pulsed intervals, each interval consisting
of 5 seconds of flow and 15 seconds of rest. As shown in Figure 4.2b, the fluorescence
intensity of the substrate decreased substantially; indeed, no appreciable fluorescence was
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seen on the substrate after the experiment. Instead, the nanoparticle fluorescence is now
present in the droplets recovered from the experiment, as shown in Figure 4.2c.
Importantly, the droplets remained intact following nanoparticle pickup, with similar size
distribution before and after the experiment, suggesting robust adherence of the polymer
surfactant to the oil-water interface. Interestingly, as is clearly seen in the figure, the
fluorescence observed on the droplets was not nearly uniform, but instead found in
patches on the droplet surface. Figure 4.2d, a transmission electron microscopy (TEM)
image recorded on a sample of dried droplets following a pickup experiment, confirms
the presence of the silica nanoparticles that were picked up by the droplets.

Figure 4.2. a) Fluorescence micrograph of SiO2 NPs on the PDMS substrate; b) the same
substrate after SiO2 NP pickup using P1-stabilized osteodroplets; c) fluorescence
micrograph of P1-stabilized osteodroplets following SiO2 NP pickup; d) TEM image of a
dried droplet showing SiO2 NPs.
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In contrast, attempts to pickup nanoparticles using P2-stabilized droplets (i.e.,
lacking the reactive PFPE moiety) failed; under identical conditions as experiments with
P1-droplets, no significant reduction in fluorescence intensity of the surface was noted,
and no fluorescence was seen in or on the droplets following the experiment (Figure 4.3ac). Control experiments confirmed that the NPs were stable to the flow conditions used,
as they resisted rinsing away from the substrate under a stream of water (Figure 4.3 d,e).

Figure 4.3 Fluorescence Microscopy images of the amine functionalized SiO2
nanoparticle coated substrate a) before and b) after c) droplets after the control
experiment with P2 polymer; d) before and e) after the control experiment with water
only.

Additional control experiments were performed to demonstrate the robustness of
the polymer capsules. A 1,2,3 rhodamine-labeled polymer was used to prepare droplets
such that green fluorescence arises from the polymer at the oil-water interface. These
droplets were passed over the nanoparticle coated substrate in similar fashion, after which
the substrate was probed for evidence of fluorescence emanating from the polymer
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capsules. As seen in Figure 4.4f green fluorescence was not detected on the substrate
however capsules showed red fluorescence due to rhodamine labeled silica nanoparticles
(Figure 4.4e). This result indicates the capsules remain stable as the nanoparticles are
picked up from the substrate.

Figure 4.4. a) Chemical structure of Rhodamine1,2,3 labeled P1 Fluorescence
microscopy images of b) droplets formed using labeled polymer (green channel);
substrate coated with rhodamine labeled amine functionalized silica nanoparticles, c)
before d) after experiment, e) droplets after experiment (red channel). f) Substrate after
the experiment (green channel).

For P-1-stabilized droplets and amine-functionalized SiO2 NPs, we suggest that
the observed pickup results from amide bond formation at the oil-water interface, by
reaction of the NP amines with the activated esters of P-1. The apparent patchiness of
the fluorescence signal on the droplet (Figure 4.2c) suggests a lack of NP mobility at the
oil-water interface, which would be expected if the NPs underwent cross-linking at the
interface, a reasonable hypothesis given the multifunctionality of both the NPs and P-1.
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NP pickup was more efficient under flow conditions that included short rest periods,
affording the droplets sufficient contact time with the substrate to promote NP pickup.
Increasing the rest period from 15 to 30 seconds leads to a greater fluorescence intensity
of the droplets. The mobility of the NPs at the oil-water interface, following pickup, was
investigated by fluorescence recovery after photobleaching (FRAP)23,24 experiments
performed with a confocal microscope. In FRAP, fluorophores are photobleached at a
high laser power, and fluorescence recovery resulting from diffusion of material
(unbleached fluorophores) from the surrounding area into the bleached area is monitored
at low laser power. When droplets, such as those in Figure 4.2c, were illuminated at the
focal point of the laser beam (Ar+ laser, 488 nm) at laser power sufficiently high to
induce bleaching for 10 seconds, fluorescence recovery was not observed, suggesting a
relative immobility of the NPs, and the likelihood that the NPs are chemically crosslinked on the droplet surface.
The efficiency of NP pickup could be controlled, and enhanced, by changing
experimental parameters such as the number of reactive pendent groups on the polymer,
and the number of passes the droplets made across the substrate. PC-polymers having
variable mole percentage of pendent PFPE groups were prepared (P1-10%, P1-30%, P140%) and used in NP pickup experiments. In each experiment, a solution of droplets was
passed over the NP-coated substrate for 50 pulsed intervals (5 seconds flow, 15 seconds
rest).

At the conclusion of the experiment, the droplets were collected and their

fluorescence intensity measured and compared using ImageJ, ensuring that each
microscopy experiment was performed consistently with respect to light intensity,
objective lens and exposure time. Figure 4.5a shows that increasing the number of PFPE

54

groups on the polymer, and thus on the droplet, leads to greater fluorescence intensity of
the droplets, as a result of greater NP incorporation. Experiments performed with P110%, having the lowest incorporation of PFPE on the droplets, left evidence of residual
NPs on the substrate following the experimental conditions described above. However,
even with P1-10% droplets, by increasing the number of flow cycles from 1 (50 pulsed
intervals) to 3 (150 pulsed intervals), the fluorescence intensity of the droplets increased
(Figure 4.5b), due to greater NP accumulation, while that of the substrate decreased.

Figure 4.5. Relative fluorescence intensity of droplets after pickup: a) with different
PFPE ratios; b) P1-10% following 1 cycle and 3 cycles of flow across the substrate.

4.3 Applicability to Other Nanoparticles Systems
To examine the scope of NP pickup possible with these emulsion droplets, we
attempted to pickup CdSe/ZnS NPs and amine-functionalized polystyrene (PS) NPs of
200 nm diameter with PC-polymer droplets. PS NPs were dispersed in 9:1 ethanol:water
(2 mg/mL), and dropcast onto a UVO-treated PDMS substrate. Interestingly, we observed
that NP pickup occurred irrespective of the polymer used in the emulsion: both P1- and
P2-stabilized droplets successfully picked up the NPs. However, as seen in Figures 4.6c
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and 4.6e, the PS NPs became internalized, into the oil phase of the droplets. We suspect
that the solubility of polystyrene in the TCB oil phase is responsible for this behavior,
and the sharp contrast of this result relative to the case of amine-terminated SiO2 NPs.
TEM imaging of the dried droplets after the experiment showed no evidence of the PS
NPs; thus, in this case, the NPs and associated fluorophore apparently become
internalized, resulting in polymer dissolution and loss of the particulate morphology.

Figure 4.6. Osteodroplets after NP pickup experiments: a,b) Fluorescence confocal cross
sectional image of P1 droplets with TCB and PFD as the oil phase, respectively.
Fluorescence microscopy images of: c) P1 droplets with TCB as the oil phase showing
PS internalization; d) cross-section of P1 droplets with PFD as the oil phase; e) P2
droplets with TCB as the oil phase showing PS internalization; and f) P2 droplets with
PFD as the oil phase showing no evidence of NP pickup or internalization.
In separate experiments, when perfluorodecalin (PFD), a poor solvent for PS, was
used as the oil phase, only P1-stabilized droplets (containing the PFPE groups) were able
to pickup the PS NPs. Moreover, as seen in Figure 4.6d, PFD-containing droplets did not
lead to NP internalization, but instead distinct patches of fluorescence were observed on
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the droplet surface.

In this case, TEM images of the dried droplets confirmed the

presence of the PS NPs with their expected particulate morphology (Figure 4.7). Crosssectional analysis of the fluorescence confocal microscope images confirmed that the PS
NPs were internalized when TCB was used as the oil phase (Figure 4.6a), and partitioned
to the oil-water interface when PFD was used as the oil phase (Figure 4.6b). With P2
droplets and PFD as the oil phase, pickup was not observed due to the absence of any
driving force (reactive functionality or solubility to enable internalization). (Figure 4.6f).
Similarly, pick up of CdSe nanoparticles was possible with P2 polymer and
resulted in internalization of nanoparticles in the polymer capsule as seen in Figure 4.7b.
CdSe nanoparticles used were functionalized with their native alkyl ligand TOPO. The
solubility of the nanoparticles in 1,2,4 trichlorobenzene enabled pickup without
complementary functionalities.

Figure 4.7 a) Fluorescence Microscopy images of the polymer droplets after the
experiment with CdSe nanoparticles b) Transmission Electron Microscopy image of the
PS NPs picked up by the droplets after the experiment with P1 polymer using
perfluorodecalin as the oil phase.
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4.4 Selectivity of Pick up
The presence of complementary amine functionality on the NPs was critical to
successful pickup of SiO2 NPs; P1 droplets failed to remove conventional SiO2 NPs (SiOH periphery) from the substrate, as confirmed by a lack of any transfer of fluorescence
emission from the substrate to the droplets following attempted pickup experiments
(Figure 4.8).

Figure 4.8. Fluorescence Microscopy images of the nanoparticle coated substrate a)
before and b) after c) droplets after the control experiment with P1 polymer using SiO2
NPs with hydroxyl periphery.

Such selectivity could be advantageous under some circumstances, and indeed we
demonstrated that NP pickup can be competitively selective based on NP surface
functionality. For example, two UVO treated silicon wafers were coated with two
different NPs: 1) Rhodamine B-labeled SiO2 (Si-OH periphery, max 625 nm) and 2) the
PS-NH2 NPs described above. The two substrates were placed in the flow cell together,
in series, and pickup experiments were performed using P1-stabilized droplets. As seen
in Figure 4.9b, the TCB oil phase showed green fluorescence resulting from uptake of the
PS NPs, with an associated loss of fluorescence from the substrate (Figures 4.9d and
4.9e). However, in the red channel (using red filter excitation/emission 480-550 nm/590800 nm, Figure 4.9c), no significant fluorescence was detected in the droplets, nor was
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there a decrease in the emission intensity from the substrate, demonstrating a selectivity
to the pickup and the absence of competitive, non-selective NP physisorption to the
droplets (Figure 4.9f and 4.9g).

Figure 4.9. a) Illustration of experimental set up using two substrates in series. P1droplets after NP pickup experiment viewed using b) green filter and c) red filter. Only
green fluorescence was observed due to selective pickup of PS NPs. d,e) PS NP coated
substrate before and after experiment, f,g) Rhodamine labeled SiO2 substrate before after
experiment.

4.5 Conclusions and Future Outlook
In summary, we have demonstrated the capability of polymer-stabilized emulsion
droplets to pick up nanoparticles from a substrate and transport these nanoparticles in a
fluid-driven system. The pickup and transport capacity of the droplets bears resemblance
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to the action of osteoclasts, which are responsible for bone resorption. Going forward,
systems that will allow drop off will be exploited. Preliminary studies were held
examining the reversible interaction between catechol group and hydroxyapatite
nanoparticles. Alizarin red S is often used for staining bones and the staining is attributed
to adsorption of the Alizarin red S on Ca2+ of hydroxyapatite (Ca10(PO4)6(OH)2) in
bones.25 It has been shown that catechol which possesses phenyl 1-, 2-diols, similar to
Alizarin red S can also adsorb on hydroxyapatite

26-28

through the binding of the ionized

OH groups to Ca2+ on hydroxyapatite. This adsorption is stronger in basic pH due to
better ionization of OH groups. Introduction of phosphate buffer leads to desorption due
to the change in the pH and also disruption of the adsorption by phosphate ions.26

Figure 4.10 a) Synthesis of catechol bearing polymer used in pickup of hydroxyapatite
nanoparticles. b and c) Silicon wafer coated with hydroxapatite nanoparticles before and
after pickup experiments respectively. d) TEM image of the dried droplets after pickup
experiment. e and f) Silicon wafer coated with hydroxapatite nanoparticles before and
after control experiments respectively.
60

Hydroxyapatite nanoparticles were purchased from Sigma Aldrich as dispersion
in water and were transferred to ethanol. Catechol bearing polymers were synthesized by
the reaction of P1 with dopamine hydrochloride as shown in Figure 4.10a. Droplets were
prepared by dissolving polymer in 0.1 M NaOH (2 mg/mL in 20 mL solution) and mixing
with 1 mL of TCB. Silicon wafers coated with hydroxyapatite nanoparticles were placed
in the flow cell pickup experiments were performed using catechol polymer droplets. As
seen in figure 4.10c after the experiment the number of particles coating the substrate
decreased significantly. TEM characterization of the dried droplets following the pick up
experiment showed the presence of hydroxyapatite nanoparticles. In control experiments
with water, the particles continued to rest on the substrate suggesting the polymer
droplets are needed for the pickup.
The preliminary studies are promising for the use of catechol bearing polymers to
pick up hydroxyapatite particles. Future researchers will examine drop off by
introduction of phosphate buffer or phosphate functionalized surfaces.
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CHAPTER 5
CROSSLINKED GOLD NANOPARTICLE SHEETS

5.1 Introduction
At the air-water interface, the Langmuir-Blodgett (LB) technique enables the
fabrication of well-ordered NP monolayers which, subsequent to the interfacial assembly,
can be transferred onto solid substrates. Using the LB technique, films of metallic and
semiconductor NPs were prepared and their properties were explored.1-4
Fixing ligands with reactive functionality onto the NP surfaces open opportunities
for performing cross-linking of NP films at interfaces, and thus routes to manipulate the
mechanical and possibly electronic properties of these films. At the air-water interface,
cross-linked 2D films of 2-aminoethanethiol functionalized CdS quantum dots were
constructed with glutaraldehyde in the aqueous subphase as a cross-linker.5 The layers
were deposited on gold electrodes and photoelectrochemical properties were tested. The
photonic yield for the deposited Langmuir Blodgett films was found to increase linearly
with an increase in the density of immobilized CdS nanoparticles. Cross-linked LB films
of metal NPs were studied by Chen and co-workers, by introducing bifunctional thiols
that gave stable 2D Au NP networks.1 Close packed NP structures were observed by
TEM after transferring the nanoparticle layer onto a TEM grid.
Characterization of NP films reveals that such materials can have significant
mechanical properties that augment their inherent optical and/or electronic properties,
and that these properties can be tuned by adjusting NP diameter and ligand chainlength.6,7 Lin and coworkers demonstrated the effect of solution composition on the
mechanical properties of Au NPs, finding that
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inter-NP spacing increases with

dodecanethiol concentration and is independent of surface pressure.3

Also the

reversibility of wrinkled multilayers which evolve at high surface pressure was dependent
on thiol concentration. Wrinkled monolayers with excess thiol were reversible and could
relax to an unwrinkled state when compressed monolayers were expanded. In other
studies, Jaeger described the mechanical properties of a free standing Au NP monolayer
prepared over a circular hole in a silicon nitride substrate, which by atomic force
microscopy (AFM) revealed a Young’s modulus in the range of 3-39 GPa.8 Binks
examined the rheological behavior of fumed silica layers at the air-water interface,
finding differences between deposition of particles followed by compression and
consecutive deposition of particles.9 The compressed layers were homogeneous and rigid,
whereas the deposited layers were less rigid and more viscoelastic. Recently, the
mechanical response to compression was measured for a Au NP LB film,4 where initial
compression led to the formation of trilayers, as characterized by AFM and X-ray
scattering. Further compression gave periodic wrinkles, and eventually folds, that
resemble the behavior of macroscopic polymer films at interfaces.10 ‘S-folds’ led to a
well-defined three NP thick trilayer. Very low bending rigidity is depicted to allow the
formation of such folds. The wavelength of the wrinkles is shown to be independent of
viscosity and the surface tension of the subphase, by measuring the wavelength of
trilayers on subphases of glycerol and water-ethanol solution.
This chapter describes the formation of Au NP films by the LB technique,
including films with norbornene (NB) functionalized ligands, and the conversion of these
films to robust structures by cross-linking in an attempt to ‘lock in’ the unique structural
features formed upon compression. Ring-opening metathesis polymerization (ROMP) is
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employed for cross-linking, by addition of water soluble catalyst to the sub-phase. The
mechanical response under compression of these Au NP films was investigated before
and after crosslinking, and crosslinking was found to render the films elastic. This work
was performed at the University of Chicago, in collaboration with Chicago researchers
Ka Yee Lee and Binhua Lin.

5.2 Crosslinking Gold Nanoparticle Monolayers
In order to cross-link Au NP monolayers using ROMP , NB ligand 111 was
applied to compressed films of Au NPs, followed by introduction of Grubbs Catalyst 312
to the aqueous sub-phase. To begin, we sought to functionalize Au NP LB films by
spreading NB ligand 1 onto an already formed film of Au NPs. For example, a 600 µL
solution of dodecane thiol 2 capped Au NPs (1 mg/mL in CHCl3) was spread dropwise
onto the sub-phase. Following CHCl3 evaparation, the monolayer was compressed to an
area of 20 cm2, after which a solution of NB ligand 1 in CHCl3 (150 µL, 1 mg/mL) was
applied carefully, using a microsyringe, onto the NP-covered interface. Introduction of
this ligand solution led to the formation of small cracks in the film. The film was then
decompressed at a rate of 5 cm2/min to an area of 25 cm2, and was allowed to stand
unperturbed overnight. Catalyst 2 was then injected into the sub-phase, and the system
was allowed to stand for an hour, followed by compression at a rate of 5 cm2/min to an
area of 11 cm2 (full compression of the trough). Figure 5.1 shows optical images of the
Au NP film after full compression. In these films two distinct regions are seen,
interpreted as areas where greater and lesser extent of crosslinking has occured. Areas
that possess similar features to those of the original Au NP film (Figure 5.1a) are ie. areas
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where little of the NB ligands and/or catalyst was present, as well as areas of crosslinked
NP film (Figure 5.1b). Figure 5.1 c represents folded regions that have apparently been
distrupted by the crosslinks. Notably crosslinking produced an elastic film that could be
manipulated by picking it up off the trough with tweezers. Attempt to such manipulation
without crosslinking was not successfull. Areas of apparent stress-induced wrinkling are
observed that would be expected from interparticle crosslinking. All of the images of
Figure 5.1 were obtained in the fully compressed state. These features possess a length of
50 to >200 µm. Upon decompression crosslinked regions are robust and maintain this
appearance in optical microscope. In the case of uncrosslinked films, decompression
leads to cracking and fracturing of the films.

Figure 5.1. Optical microscopy images of different regions of a Au NP film treated with
NB ligand 1 and Grubbs catalys 2 a) region that appears similar to uncrosslinked, b)
highly crosslinked areas of the film where the ligand diffused into nanoparticle film, (c)
crosslinked, folded regions.
In an attempt to ensure that the reactive ligand is distributed homogenously
throughout the film, we next examined the preparation of LB films by compressing Au
NPs having NB ligand 1 as part of the ligand periphery (Scheme 5.1). These Au NPs
were prepared by ligand exchange chemistry on synthesized, or purchased, Au NPs
originally containing dodecanethiol ligands 2.13 In a typical preparation 20 mg of
dodecanethiol 2 covered Au NPs were dissolved in 2 mL dry CH2Cl2, and 12.5 mg of
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NB ligand 1 was added and stirred overnight at room temperature. The NP solution was
precipitated repeatedly in ethanol and redispersed in chloroform. After ligand exchange,
Au NPs covered with a ratio of 8 to 1 dodecanethiol ligand 2 to NB ligand 1 was
obtained. Within various other ratios used 8 to 1 was found to form uniform films.
Several precipitation cycles were performed in order to deplete the sample of free (or
unbound) ligand, and to minimize the Au NP surface coverage. Samples prepared in this
way proved necessary for the formation of uniform films as well as the structures that
form upon compression. Attempted use of samples not subjected to such purification led
to formation of non-uniform films. It is speculated that the lower density of the ligands
that cover the surface of the nanoparticles leads to interdigitation of ligands between
neighboring particles.3
In a typical experiment, a Au NP solution in CHCl3 (0.5 mg /ml) was spread onto
the water subphase and the solvent was allowed to evaporate over ~10 minutes. The NP
film was then compressed at a constant rate of 5 cm2/min, while monitoring surface
pressure. Pressure-area isotherms are presented in Figure 5.2. Before compression, NPs
self assemble into micron-sized islands, separated by unoccuppied spaces; compressing
these islands leads to a connected, uniform surface coverage as a NP monolayer.
Following monolayer formation, as surface area is decreased (surface pressure increased),
the film goes through a transition from a monolayer to multilayer. These transitions are
evident in the different regimes seen in the slopes P-A isotherms of Figure 2 of the
dodecanethiol and norbornene thiol Au NP experiments. The first regime represents the
formation of a continuous monolayer, while the second regime, reflects the transition
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from a monolayer to a multilayer and the last regime represents a compressed state where
multilayer is continuous across the film.

Scheme 5.1. a) Representation of functionalized Au NPs, ligands and catalyst 1 b)
schematic of LB trough

For the crosslinked system these three regimes are not evident : pressure increases
without any significant change in the slope, suggesting the lack of reorganization at the
surface since the particles are locked together as a result of crosslinking. To crosslink
these films, 1 ml of a 5 mg/mL aqueous solution of catalyst 2 was injected into the subphase, after compressing to a state where a continuous monolayer has formed, without
disturbing the NP monolayer, using an L-syringe. The system was allowed to stand for
about one hour, then compressed while recording of the pressure-area isotherm. As seen
in Figure 5.2, the highest surface pressure was ~ 40 mN/m for pure dodecanethiol ligated
particle film where as ~ 35mN/m for the 8:1 dodecanethiol:norbornene thiol film. The
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higher pressure for the crosslinked film is attributed to addition of catalyst 2 which also
possesses surface activity.

Figure 5.2. Pressure – Area isotherm of crosslinked NB particles, dodecanethiol particles
and NB particles. Three regions are indicated by dashed lines for each curve.

Changes in the initial pressure have also been observed. The initial surface
pressure for the dodecanethiol covered particles was ~ 2 mN/m suggesting a solid film.
However this initial pressure increased to ~ 10 mN/m with addition of NB after the
ligand exchange. After allowing the surface to settle for 10 minutes, catalyst 2 solution
was injected into the water subphase

and the pressure raised up to 16 mN/m.

Compression was started after waiting for an hour to enable the diffusion of catalyst 2
and equilibration. The initial high pressure could be explained by the formation of more
liquid like film due to the introduction of polar ester linkage in the NB ligand 1. In the
case of dodecanethiol ligated particles the film possesses more solid character and
initially a monolayer of disconnected islands was formed. On the other hand after
introducing the NB ligand 1, the particles form a monolayer that covers almost the whole
surface. The amount of particle solution that could be spread was found to differ between
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purely dodecanethiol covered particles and NB including particles. 600 µL of
dodecanethiol particles solution could be spread where as 350 µL of 8:1 dodecanethiol:
NB solution could be spread on the water subphase.
All three films underwent morphological transitions upon compression which
were followed and recorded by optical microscopy (Figure 5.3). The Au NP film appears
as purple and the air-water interface as bright in the optical images. Upon compression
(in the x-direction) islands of NPs merge and form a uniform monolayer. Upon further
compression, the NP monolayer collapses into the observed hash patterns which first
orient vertically, then disappear by the formation of a continuous multilayer. Further
compression results in the formation of crest structures (Figure 5.3b,c). These structures
form perpendicular to the direction of compression and are long as 500 µm or more. The
morphological changes are similar for the crosslinked and non-crosslinked films,
however crosslinking makes the changes more rapid. In Figure 5.3 optical images a-c
shows the collapsed structures that evolve with increased pressure and d shows
disassembly of the film by decompression. Figures 5.3 c,g,k belong to final stages of
regime 3 where a continuous multilayer has been formed. For the crosslinked sample the
collapsed structure appears darker (Figure 5k) compared to the other two samples (Figure
5c and g) suggesting a thicker multilayer. Rupture of the film around these structures
indicates a higher crosslink density of the crest structures (Figure 5.3l).
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Figure 5.3. Optical images showing the collapsed structure and the structures that form
upon decompression for a-d) parent e-h) uncrosslinked i-l) crosslinked sample
respectively. (Scale bars 50 µm)
5.3 Atomic Force Microscopy Studies
AFM experiments were done to obtain an insight on the topographical features of
these films as well as their Young’s modulus. Nanoparticle films at the air-water interface
were transferred onto highly ordered pyrolytic graphite (HOPG) substrate using an
adapted Langmuir Schaefer technique.14 After deposition on the HOPG, the films were
left to dry overnight and imaged the following day. Figure 4 shows the height images
and height profiles of 30 µm × 30µm section of uncrosslinked and crosslinked film. The
crest structure was confirmed by AFM, bright lines as seen in Figure 5.4, the height of
the collapsed structures could be as high as 50 nm.
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Figure 5.4. AFM height images and height profiles along the lines for a,b) uncrosslinked
c,d) crosslinked sample ( 30 µm scan size).

In order to understand the mechanical properties of the nanoparticle films,
quantitative nanomechanical mapping (QNM) was performed using Peak Force Tapping
AFM. The modulus was found to change in the range of 1-10 GPa for all the films that
were measured. The crosslinked film had a lower modulus compared to uncrosslinked
film also film of pure dodecanethiol ligated Au NPs. Also, the modulus was reduced for
the crest structures proving the idea that these structures were unsupported. Figure 5.5 is
the modulus measurement for the crosslinked sample with a scan size of 1.5µm, the dark
area represents the crest structure and the brighter area is the gold nanoparticle film. The
crest area possesses a lower modulus of 3 GPa where the film has a modulus of 7 GPa.
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Figure 5.5. Peak Force QNM Modulus image for the crosslinked sample (1.5µm scan
size).
5.4 Conclusions and Future Outlook
To summarize, crosslinked and robust films of gold nanoparticles were obtained
at the air/water interface by employing ring opening methathesis polymerization by the
addition of water soluble PC-pyridine substituted Grubbs catalyst into the subphase. The
films were transferred onto HOPG substrates in order to examine their mechanical
response by peak force tapping experiments; modulus values ranging from 1-10 GPa for
different films were obtained, the lowest moduli belonging to the crosslinked films.
Highly elastic and robust films obtained could be manipulated and thus offer to be
integrated into other macroscopic systems.
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CHAPTER 6
EXPERIMENTAL SECTION

6.1 Materials
Tetraethyl orthosilicate (TEOS), (3-aminopropyl)trimethoxysilane (99%), ammonium
hydroxide (28-30% NH3), pentafluorophenol, 4-(dimethylamino)pyridine (DMAP),
triethylamine (TEA), dicyclohexylcarbodiimide, Grubbs' generation II catalyst, pyridine,
hydrazine

acetate,

toluenesulfonic

acid

3,4-dihydro-2H-pyran,
monohydrate,

5,6-dihydro-4-methoxy-2H-pyran,

methanol

(anhydrous),

p-

dimethylsulfoxide

(anhydrous), dimethylformamide (anhydrous) and rhodamine B isothiocyanate were
purchased from Sigma-Aldrich. Fluorescein isothiocyanate (FITC) was purchased from
Alfa Aesar. Amine modified polystyrene microspheres (yellow-green 505/515) were
purchased form Life Technologies. Dichloromethane and triethylamine were distilled
over calcium hydride and tetrahydrofuran was dried over sodium/benzophenone ketyl and
freshly distilled before use. All other chemicals were used as received unless otherwise
noted. Spectra/Por 3 dialysis membrane (MWCO 1000) was purchased from Spectrum
Laboratories, Inc. TEM grids were purchased from Ted Pella and TEM images were
obtained on JEOL 2000FX.
6.2 Instrumentation
Nuclear magnetic resonance (NMR) spectroscopy was performed on a Brüker
Spectrospin DPX300 or an Avance 400. Fluorescence measurements were taken on a
Perkin-Elmer LS 55 fluorimeter. Dynamic light scattering was performed on a Malvern
Zetasizer Nano-ZS. Transmission electron microscopy (TEM) was performed using a
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TEM JEOL 2000FX with samples prepared on carbon-coated copper grids purchased
from Electron Microscopy Sciences. High-resolution mass spectral (HRMS) data were
obtained on a JEOL JMS700 MStation. IR absorbance data were obtained on a PerkinElmer Spectrum One FT-IR spectrometer equipped with a universal ATR sampling
accessory.
6.3 Methods


Synthesis of TEG-OH gold nanoparticles

Gold nanoparticles covered with (1-mercaptoundec-11-yl) tetra(ethylene glycol)1 were
synthesized according to literature procedures as described by Brust and coworkers.2


Preparation of TEG-OH gold nanoparticle droplets

Droplets are prepared according to literature procedure described by Glogowski et al..3


Synthesis of TEG-THP thioacetate

TEG-THP thioacetate was synthesized according to the procedure established by
Glogowski.4 [1-(Acetylthio)-11-undecyl]tetra(ethylene glycol) was synthesized following
a literature procedure.1 TEG thioacetate (1.010 g, 2.4 mmol) and 3,4-dihydro-2H-pyran
(0.33 mL, 3.6 mmol) was dissolved in freshly distilled dichloromethane (20 mL). The
reaction mixture was cooled in an ice bath, and pyridinium p-toluenesulfonate (60 mg,
0.24 mmol) was added.5 The mixture was stirred for 30 minutes, then allowed to warm to
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room temperature, and stirred at room temperature for 4 hrs. The mixture was then
filtered over silica gel, eluting with dichloromethane-methanol mixtures. Rotary
evaporation recovered the desired compound as a colorless oil (0.95 g, 78 % yield): [1(acetylthio)-11-undecyl]tetra(ethyleneglycol)tetrahydro-2H-pyran. 1H NMR (300 MHz,
CDCl3): 4.62 ppm (t, 1H), 3.87 ppm (m, 2H), 3.75-3.55 ppm (m, 16H), 3.43 ppm (t, 2H),
2.85 ppm (t, 2H), 2.30 ppm (s, 3H), 1.8 – 1.4 ppm (br, 10H), 1.2 (br, 14H).


Synthesis of TEG-THP ligand

TEG-THP thioacetate (1.4 g, 2.8 mmol) was dissolved in anhydrous N,Ndimethylformamide (30 mL) with hydrazine acetate (0.84 g, 9.1 mmol) at room
temperature, and the mixture was stirred for 1 hour. The mixture was then diluted with
water, extracted with diethyl ether, dried over MgSO4, filtered, and concentrated by
rotary evaporation to recover ligand 1 as a pale yellow oil (1.16 g, 91 % yield). 1H NMR
(300 MHz, CDCl3): 4.62 ppm (t, 1H), 3.87 ppm (m, 2H), 3.75-3.55 ppm (m,16 H), 3.43
ppm (t, 2H), 2.50 ppm (q, 2H), 1.8-1.4 ppm (br, 10H), 1.25 ppm (br, 14H). 13C NMR (75
MHz, CDCl3): 99.1 ppm, 71.6 ppm, 70.7 ppm, 70.6 ppm, 70.2 ppm, 66.7 ppm, 62.3
ppm, 34.1 ppm, 30.7 ppm, 29.8 ppm, 29.7 ppm, 29.6 ppm, 29.6 ppm, 29.2 ppm, 28.5
ppm, 26.2 ppm, 25.5 ppm, 24.8 ppm, 19.6 ppm. ESI-mass spectrometry: calcd: [M]+
(C24H48O6S), m/z = 464.7023; found m/z = 487.304 [M+Na]+
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Synthesis of MTHP-TEG thioacetate

TEG-OH (2.0 g, 4.8 mmol) was dissolved in freshly distilled dichloromethane (20 mL)
with 5,6-dihydro-4-methoxy-2H-pyran (0.80 mL, 7.2 mmol). The mixture was cooled in
an ice bath, and pyridinium p-toluenesulfonate (120 mg, 0.48 mmol) catalyst was added.
The mixture was stirred for 30 minutes, then allowed to warm to room temperature and
stirred for an additional 4 hrs. The product was isolated with column chromatography on
silica gel, eluting with EtOAc/hexane mixtures (1:1 by volume). Solvent was removed by
rotary evaporation to afford TEG-MTHP thioacetate as a colorless oil (2.07g, 87 %
yield). 1H-NMR (CDCl3): 3.72-3.60 ppm (m, 16 H), 3.55 ppm (q, 4H), 3.43 ppm (t, 2H),
3.20 ppm (s, 3H) 2.85 ppm (t, 2 H), 2.31 ppm (s, 3H), 1.8 – 1.4 ppm (br, 8H), 1.2 (br,
14H).


Synthesis of MTHP-TEG ligand

TEG-MTHP thioacetate (0.62 g, 1.15 mmol) was dissolved in anhydrous N,Ndimethylformamide (30 mL) with hydrazine acetate (0.32 g, 3.4 mmol) at room
temperature. The reaction mixture was stirred at room temp for 1 hour, then diluted with
water, extracted with diethyl ether, dried over MgSO4, filtered, and concentrated by
rotary evaporation to afford ligand 2 as a pale yellow oil (0.51 g, 90 % yield). 1H-NMR
(CDCl3): 3.72-3.60 (m, 16H), 3.55 ppm (q, 4H), 3.43 ppm (t, 2H), 3.20 ppm (s, 3H) 2.50
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ppm (q, 2 H), 1.8 – 1.4 ppm (br, 8H), 1.2 (br, 14H). 13C-NMR (CDCl3): 97.9, 71.7, 70.8,
70.7, 70.2, 65.1, 59.4, 47.7, 43.0, 34.2, 29.8, 29.7, 29.6, 29.2, 28.5, 26.2, 24.8 ppm. ESIMS: calcd: [M]+ (C25H50O7S) m/z= 494.7284; found ESI-MS [M+Na]+ m/z= 517.3144


Synthesis of THP-TEG and MTHP TEG gold nanoparticles

Au nanoparticles were synthesized following a literature procedure by Stucky and
coworkers.6 In a typical experiment, 61.8 mg (0.125 mmol) AuPPh3Cl was mixed with
ligand 1 (TEG-THP) (108 mg, 0.232 mmol) and TEG-OH (9.8 mg, 0.025 mmol) in 10
mL THF. Tert-butylamineborane complex (108 mg, 1.24 mmol) was added, and the
mixture was stirred at room temperature for 2 hours, then at 55 °C for 30 min. After
cooling to room temperature, the Au NPs were precipitated in hexanes, then centrifuged
and washed three times with hexane:methanol mixtures. The Au NPs (~5 nm as measured
by TEM) were soluble in common organic solvents.


Synthesis of CdSe/ ZnS nanoparticles and functionalization with TEG-THP

and TEG – MTHP ligands
CdSe/ZnS core shell nanoparticles are synthesized by Dr. Caroline Miesch following a
literature procedure with slight modifications.7 To a 3-neck, 25 mL round-bottom flask
equipped with reflux condenser, N2 inlet, septum, and thermocouple probe was added
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cadmium acetate (0.375 mmol) and tri-n-octylphosphine oxide (TOPO, 7.5 g). The
mixture was heated to 150 oC under vacuum for 15 min. The temperature was then
increased to 300

o

C, after which a solution of selenium (5.1 mmol) in tri-n-

octylphosphine (TOP, 2 mL) was injected. The nanocrystals were allowed to grow at 280
o

C for 4 minutes. Then, the temperature was lowered to 160 oC and precursor solution

which was prepared by dissolving diethylzinc (15 w% in hexane, 0.45 mmol) and
hexamethyldisilathiane (0.45 mmol) into tri-n-octylphosphine (3 mL) inside an inert
atmosphere glovebox; was added into the reaction flask using a syringe pump at a rate of
1 mL/hr. The solution was allowed to cool to room temperature, and the TOPO-covered
CdSe nanoparticles were isolated by precipitation into excess methanol with addition of a
small amount of chloroform. The solution was centrifuged and the supernatant decanted.
The resulting solid was purified by repeated dissolution in chloroform followed by
precipitation into methanol, and centrifugation. The NPs were stored as a solution in
chloroform or toluene. To obtain the THP and MTHP-functionalized NPs, ligand
exchange was performed. In a typical experiment, 5 mg of CdSe/ZnS NPs were mixed
with 100 mg of ligand in 3 mL anhydrous methanol, and the mixture was stirred at 70 °C
for 3 hours. After cooling to room temperature, the reaction mixture was precipitated in
hexanes and centrifuged, then dissolved in chloroform and precipitated in hexanes and
centrifuged.
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Preparation of Fluorescein labeled Silicon oxide nanoparticles

OH

SiO2

X
O Si
X

NH2

X = OCH2 CH3 ,O-Si, OH
Fluorescein labeled silica NPs were prepared according to literature procedures utilizing
the Stöber method with slight modifications.8 FITC (2.75 μmol) was dissolved in
anhydrous DMSO (500 μL) and (3-aminopropyl)trimethoxysilane (APMES) was added
(3.3 μmol). The APMES/dye solution was stirred for 1 hour protected from light. The
FITC precursor was then added to a mixture of EtOH (37.5 mL) and NH4OH (1.5 mL)
under continuous stirring and left to react for 1 h. Next, TEOS (1.5 mL) was added to the
mixture, and the reaction was allowed to proceed for 24 h in the dark. The solution was
centrifuged and the supernatant decanted. The resulting solid was purified by repeated
washings with EtOH to remove any free dye, then suspended in ethanol. The diameter of
the NPs was determined by transmission electron microscopy to be 50 nm ± 10.0 nm
(examining >100 particles). Rhodamines B labeled particles were synthesized similarly.
In order to functionalize the nanoparticles with amine groups, nanoparticles (0.30 g) were
dispersed in a mixture of water (1.9 mL), ethanol (18.9 mL), and 28% ammonia solution
(0.34 mL) and reacted with (3-aminopropyl)triethoxysilane (APTEOS) (1 mmol) for 20
h at room temperature. The solution was centrifuged and the supernatant decanted. The
resulting solid was purified by repeated washings with EtOH and acetone, then
suspended in ethanol.
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Synthesis of Pentafluorophenyl ester and phosphorylcholine cyclooctene

Pentafluorophenyl ester cyclooctene, phosphorylcholine cyclooctone (PC-COE) and
copolymers of these mononmers were synthesized by Chia-Chih Chang following
previously described literature procedures.9


Synthesis of Phenyl cycloocta-4-enecarboxylate

Phenyl cycloocta-4-enecarboxylate was synthesized by Chia-Chih Chang. 5-Carboxylic
acid cyclooctene (6.09 mmol, 0.938 g), N,N’-dicylohexylcarbondiimide (6.70 mmol, 1.38
g), 4-(dimethylamino)pyridine (6.70, 0.82 g) and dichloromethane (20 mL) were added to
a roundbottom flask and stirred for 10 minutes. Phenol (6.7 mmol, 0.66 g) was added and
the reaction mixture was stirred for 12 hours. The white precipitate was removed by
filtration and the filtrate was evaporated to dryness. The crude product was purified by
column chromatography on silica gel, eluting with 10:1 v/v hexanes:diethyl ether, to
afford 1.25 g of a colorless oil (84% yield).
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1

H NMR (300 MHz, CDCl3): δ= 7.37 (2.0

H), 7.23 (1.0 H), 7.06 (2.0 H), 5.7 (2.0 H), 2.73 (1.0 H), 2.44 (1.0H), 2.1 (4H), 1.032.1(5H).

13

C NMR (100 MHz, CDCl3): δ= 176.2, 151.1, 130.81, 129.6, 129.5, 125.7,

121.6, 43.5, 31.7, 29.6, 28.0, 26.0, 24.2.


Polymerization of PC-COE with phenyl cyclooct-4-enecarboxylate.

Polymers were prepared by Chia-Chih Chang. PC-COE (2.25 mmol, 655 mg) and phenyl
cyclooct-4-enecarboxlate (0.750 mmol, 173 mg) were dissolved in 0.9 mL of
dichloromethane and degassed by three cycles of freeze-pump-thaw. The 3bromopyridine substituted ruthenium benzylidene metathesis catalyst (0.03 mmol, 26.5
mg) was added as a solution in dichloromethane (0.6 mL). The polymerization was
quenched with ethyl vinyl ether (0.2 mL) after 1 h.

The resultant polymer was

precipitated into acetone and dialyzed against water for 2 days (MWCO 3.5kDa).
Lyophilization gave 469 mg of polymer as a white solid (57% yield). 1H NMR (300
MHz, MeOD-d4): δ= 7.39 (0.58H), 7.24 (0.28H), 7.04 (0.51H), 5.45 (2.0H), 4.22
(2.02H), 3.60 (1.47H), 3.21 (6.44H), 2.62 (0.37H), 1.87-2.33 (3.84H). Conversion >99%
GPC (Aqueous GPC, PEO standards) Mn 4.66 kDa, PDI 1.6.

1

H NMR spectroscopy

indicated 29 mole percent incorporation of phenyl cyclooct-4-enecarboxylate.


General procedure for polymer capsule preparation

Capsules were prepared by the addition of 2 mL organic solvent (TCB, perfluorodecalin
or other solvents) to 40 mL aqueous solution of polymers at a concentration of 2 mg/ml.
Shaking of this mixture resulted in oil-in-water emulsion droplets of ~50-300 µm
diameter, and these droplets were used in the experiments.
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General procedure for pickup experiments

For the pick up experiments, the substrate was placed in a Teflon fluidic device and the
solution was passed over the substrate using a peristaltic pump as previously described.10
The overall dimensions of the Teflon block are (4x10x4cm) with an inner space for
placing the substrate which is (1x5x0.5). There is an inlet on both ends of the block to
connect the tubing from the peristaltic pump. The droplet solution was passed along the
substrate at a flow rate of 0.5 mL/sec, in 50 pulsed intervals, each consisting of 5 seconds
of flow and 15 seconds of rest.


Preparation of PDMS substrates

PDMS substrates were prepared by mixing Dow Corning Sylgard 184 with its curing
agent (10:1 by weight) followed by degassing for 30 minutes. The degassed mixture was
poured into a rectangular mold with a depth of 1 mm and cured at 70 °C for at least 4
hours. The PDMS samples were exposed to UV/Ozone oxidation (Jelight 342) for 40
minutes to form an oxidized layer on the surface and used immediately in pickup
experiments.


Confocal Microscopy

Leica TCS SP2 LCSM laser scanning confocal microscope under Ar-laser excitation was
used to image the emulsions. Samples were prepared by adding droplets and a small
amount of solvent into a single-well glass microscope slide and covering the glass slide
with a cover-slip.


Pendant Drop Tensiometry
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A Dataphysics OCA-15 tensiometer was used in the pendant drop mode to measure the
interfacial tension between water and TCB in the presence of nanoparticles. Based on the
shape of the hanging drop, the interfacial tension between the liquids was calculated
using the instrument software on the Young-Laplace equation.


Synthesis of Norbornene thiol ligand

Norbornene thiol ligand was prepared according to literature procedure by the reaction of
5-norbornene-2-carboxylic acid and 11-thioacetate11 undecanol in the presence of
dicyclohexylcarbodiimide and 4-(dimethyamino) pyridine followed by column
chromatography and substituent reduction of thioacetate to thiol with hydrazine acetate in
anhydrous DMF.12


Synthesis of gold nanoparticles with norbornene functionality

Dodecanethiol stabilized gold nanoparticles were either purchased from Ocean NanoTech
(AuO-05-0025) or synthesized following procedure of Brust and coworkers.13
Dodecanethiol stabilized gold nanoparticles (20 mg) were diluted in anhydrous
dichloromethane (2 mL), and norbornene thiol (10 mg) was added as a solution in
dichloromethane (1 mL). The solution was stirred at rom temperature overnight and the
particles were isolated by precipitation in ethanol followed by centrifugation. The
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washing step is repeated four times to enable sparse ligand coverage. The ratio of the two
ligands was determined by

1

H-NMR spectroscopy, integrating methyl proton of

dodecanethiol (-CH3 at 0.70 ppm) against the double bond of norbornene thiol (2H, 6.205.91 ppm).


Synthesis of phosphorylcholine-substituted ruthenium benzylidene catalyst

Phosphorylcholine-substituted ruthenium benzylidene catalyst was synthesized by Dr.
Katrina Kratz according to published procedure. 14
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